
Vol. 54, No. 3JOURNAL OF VIROLOGY, June 1985, p. 651-660
0022-538X/85/060651-10$02.00/0

Nucleotide and Amino Acid Sequence Coding for Polypeptides of
Foot-and-Mouth Disease Virus Type A12

BETTY H. ROBERTSON,'t MARVIN J. GRUBMAN,'* GREG N. WEDDELL,2 DOUGLAS M. MOORE,' J.
DOUGLAS WELSH,' THOMAS FISCHER,' DONALD J. DOWBENKO,2 DANIEL G. YANSURA,2 BARBARA

SMALL,2 AND DENNIS G. KLEID2
U.S. Department of Agriculture, Plum Island Animal Disease Center, Greenport, New York 11944,1 and Genentech, Inc.,

South San Francisco, California 940802

Received 24 September 1984/Accepted 11 February 1985

The coding region for the structural and nonstructural polypeptides of the type A12 foot-and-mouth disease
virus genome has been identified by nucleotide sequencing of cloned DNA derived from the viral RNA. In
addition, 704 nucleotides in the 5' untranslated region between the polycytidylic acid tract and the probable
initiation codon of the first translated gene, P16-L, have been sequenced. This region has several potential
initiation codons, one of which appears to be a low-frequency alternate initiation site. The coding region
encompasses 6,912 nucleotides and ends in a single termination codon, UAA, located 96 nucleotides upstream
from a 3'-terminal polyadenylic acid tract. Microsequencing of radiolabeled in vivo and in vitro translation
products identified the genome position of the major foot-and-mouth disease virus proteins and the cleavage
sites recognized by the putative viral protease and an additional protease(s), probably of cellular origin, to
generate primary and functional foot-and-mouth disease virus polypeptides.

The genome of foot-and-mouth disease virus (FMDV), an
aphthovirus of the picornavirus family, is a single-stranded
RNA molecule that acts directly as an mRNA. It contains a
covalently bound polypeptide, VPg, at its 5' end (14, 40) and
a 100- to 150-base polycytidylic acid sequence about 300
nucleotides from the 5' end (4, 19, 37) and terminates in a
polyadenylic acid tract approximately 40 residues long (7).
The RNA codes for a single polyprotein of about 250,000
daltons, which is subsequently cleaved by cellular and viral
proteases to yield viral structural and nonstructural poly-
peptides (9, 15).
Four primary genome products result from initial protease

cleavage of the 250-kilodalton polyprotein. These products
are used to define the four functional genome regions (Table
1) and are similar to those delineated by Kitamura et al. (21)
for the poliovirus genome and by Palmenberg et al. (32) for
the encephalomyocarditis virus genome. For FMDV, these
four regions are as follows: an L region, 5' to the capsid
components, that codes for a leader polypeptide (P16-L); a
P1 region encoding the precursor for capsid polypeptides
(P91); a P2 region coding for the precursor (P56) of poly-
peptides in the middle genome region; and a P3 region that
encodes the precursor (P102), which includes the three VPg
molecules (12), a putative viral protease (15, 23), and the
viral RNA polymerase (9, 36). The polypeptides described in
this manuscript are identified by their molecular weights as
determined by polyacrylamide gel electrophoresis followed
by map coordinates (38).
The nucleotide sequences of the P1 region and the derived

amino acid sequence of the polypeptides have been pub-
lished previously (5, 22, 25, 27, 47), and the cleavage sites
that are involved in the processing of the mature P1 poly-
peptides have been identified from published amino acid
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sequences (1, 28, 46). Recently the nucleotide sequence of
the entire open reading frame for A10 and the L and P1
regions and a portion of the P2 region of Cl FMDV have
been published (3, 6). In the present communication, nu-
cleotide-derived amino acid sequences of the entire open
reading frame are presented for FMDV type A12 and com-
pared with radiolabeled amino acid microsequencing results
to map the positions of the translation-initiation codon and
the nonstructural polypeptides encoded in the L, P2, and P3
regions. The peptide bonds cleaved to generate the major
FMDV polypeptides have been identified, and their posi-
tions have been mapped on the genome.

MATERIALS AND METHODS

Virus growth, purification, and RNA isolation. A large-
plaque ab variant of FMDV type A12 strain 119 was grown
and purified as previously described (2, 8, 48). Viral RNA
was extracted and purified by the method of Grubman et al.
(16) and used as template in reverse transcription.
cDNA synthesis and cloning. cDNA molecules were syn-

thesized by using reverse transcriptase and three types of
primers: oligodeoxythymidylic acid, calf thymus DNA, and
oligonucleotide primers synthesized to prime at specific
regions of the genome. Double-stranded DNA transcripts
were inserted into the PstI site of the Escherichia coli
plasmid pBR322 with oligodeoxycytidylic acid-oligodeoxy-
guanidylic acid tails and cloned as previously described (13,
22, 49).

Restriction endonuclease analysis. Restriction endonucle-
ases were purchased from Bethesda Research Laboratories
(Bethesda, Md.) and New England Biolabs (Waltham,
Mass.). The sizes of the DNA cleavage products were
determined by polyacrylamide gel electrophoresis and
agarose electrophoresis with various pBR322 cleavage frag-
ments as molecular weight markers.
DNA sequencing. Restriction fragments from the various
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TABLE 1. Primary and secondary cleavage products and sites
which generate functional FMDV polypeptides

Genome Primary cleavage Functional ,,
region products polypeptides' Protease cleavage

L P16-L Gly/Gln or Gln-Ser-
Gly/Asn
(uncertain)"

P1 P91-VP4/2/3/1 VP4 Ala/Asp
VP2 Val/Gly
VP3 Gln/Thr
VP1 Lys-Gln-Leu-Leu/Asn

(Arg/Pro)

X?d

P2 P56-2A/C P14-2A Lys-Gln/Leu
P41-2C Lys-Gln/Ile

P3 P102-3A/VPg/C/POL P19-3A Glu/Gly
VPg1-3B Glu/Gly
VPg2-3B Glu/Gly
VPg3-3B Glu/Ser-Gly
P18-3C Glu/Gly
P61-3DPOL (C terminus)

"Polypeptides of unknown function are designated by molecular weight as
determined by polyacrylamide gel electrophoresis followed by the genome
region in which they are located (1, 2, and 3) and then followed by the relative
location within that genome region (A, B, C, and D) (38).

b Shills (I) indicate cleavage sites between primary and secondary cleavage
products.

' A10 (6) and Cl (3) proposed cleavage points, actual cleavage point
uncertain.

d X?, 16-amino-acid peptide not present on VP1 or P56-2A/C.

cloned inserts were labeled at the 5' ends with [32P]ATP
(Amersham Corp., Arlington Heights, Ill.) by T4 polynucle-
otidyl kinase (Boehringer Mannheim Biochemicals, Indian-
apolis, Ind.). Sequencing was performed by the Maxam and
Gilbert procedure (29). Also, the dideoxy sequencing method
was employed with single-stranded templates subcloned into
M13 phage vectors (30, 31) or with restriction fragments
subcloned into the Clal site of pBR322 and primed with a
pBR322 HindIll primer (no. 1205; New England Biolabs).

In vivo and in vitro translation of FMDV polypeptides. In
vivo translation products were obtained from infected mono-
layers of bovine kidney (BK) cells and labeled with radioac-
tive amino acids for 15 or 60 min as previously described
(15). In vitro translation with a rabbit reticulocyte cell-free

system prepared by the procedure of Schimke (44) was
performed as described previously (15, 34).
Amino acid microsequencing. FMDV proteins were labeled

in vitro or in vivo with [3H]leucine and [35S]methionine
(NewEngland Nuclear Corp., Boston, Mass.) and subjected
to polyacrylamide gel electrophoresis on 12.5% gels in a
discontinuous Tris-glycine buffer system (26). The separated
bands were located in the gels by autoradiography and sliced
out, and the proteins were eluted electrophoretically (43).
Microsequencing (10, 11) was performed in a Beckman 890B
sequencer with 1 mg of apomyoglobin as a carrier. The
myoglobin sequence was verified by thin-layer chromatog-
raphy on a small portion of the sample, and the radioactivity
of the remainder was determined by liquid scintillation
counting (35).

RESULTS

Restriction map of the coding region of the FMDV genome.
Inserts from selected cDNA clones derived from the FMDV
genome after priming with calf thymus DNA, oligode-
oxythymidylic acid, and synthetic oligonucleotide primers
are depicted in Fig. 1. Restriction endonuclease analysis,
sizing, and comparison to the plasmid insert T465, which
contains the genetic information coding for VP1 (22), were
used to position the plasmid inserts within the FMDV
genome (Fig. 1).

Nucleotide and derived amino acid sequences. Sequencing
from the 5'-labeled sites (dots on arrows in Fig. 1) of
restriction fragments of cloned cDNA inserts (middle row of
Fig. 1) yielded sequences for the coding region of A12 119
FMDV (Fig. 2). All sequences were confirmed by sequenc-
ing from more than one labeling or priming site.
The nucleotide sequence of the A12 FMDV contains a

single open reading frame of 6,996 nucleotides (Fig. 2). The
derived amino acid sequence contains recognizable se-
quences of structural proteins VP4, VP2, VP3, VP1, and
VPg and the viral RNA polymerase (12, 22, 36). The other
two reading frames contain multiple stop codons with no
potential for translation into proteins larger than 10,000
daltons. In addition, 620 nucleotides were identified 5' of the
AUG codon which starts the open reading frame. There are
six AUG codons in this 620-nucleotide region; however,
before the AUG at nucleotides 621 through 623, termination
codons are present in all three reading frames. The nucleo-
tide sequence has not been determined in the region 5' to the
polycytidylic acid sequence or in the region between the
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FIG. 1. Schematic representation of FMDV genome including 704 bases of the 5' untranslated region, the coding region, and 96 bases 3'
of the translation region. Selected restriction endonuclease sites are designated by the horizontal bars. Cloned inserts from plasmids used to
determine the nucleotide sequence are shown, as are the labeling or priming sites (@) and distance sequenced (arrow lines). Inserts from
plasmids designated by CT and T are derived from calf thymus and oligodeoxythymidylic acid priming, respectively, whereas A, U and E
prefixes for plasmid inserts indicate that synthetic oligonucleotide primers were used. Restriction endonucleases: T, TaqI; K, KpnI; V,
EcoRV; H, HindlIl; E, EcoRI; P, PvuII; C, ClaI; S, PstI; A, Sall; B, BgII; X, Xbal; 0, XhoI; M, BamHI.
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polycytidylic acid tract and the initial sequences shown in
Fig. 2.

Identification of the P16-L polypeptide. In a cell-free sys-
tem, at 1.5 mM magnesium, P16 is the first polypeptide
synthesized and the major polypeptide labeled with
[35S]formyl-methionyl tRNA (39) (unpublished observation).
It is also found in infected cells (17). Microsequencing of this
leader polypeptide (Table 1), isolated in vivo or in vitro,
failed to release radioactive methionine or leucine within the
first 30 residues (Fig. 3A). Since acetylation is a common
amino-blocking reaction for viral proteins, in vitro transla-
tion was performed in the presence of oxaloacetic acid and
citrate synthetase to inhibit acetylation (33). Analysis of P16
synthesized under the above conditions (Fig. 3B) indicated
the release of methionine in sequencing cycle 1 and leucine
in sequencing cycle 5. However, the derived amino acid
sequence in the single open reading frame indicates that
sequencing from the first methionine (Fig. 2, nucleotides 1
through 3) would yield leucine at positions 10 and 22 and
methionine at position 29. The second methionine, 84 bases
downstream, is followed by a leucine in position 5. There-
fore, it would appear likely that translation begins at the
second AUG codon in the open reading frame. Additional
leucines are encoded at positions 25 and 29, but because of
decreased repetitive yield these residues were obscured by a
rising background of radioactivity. The methionine and
leucine residues positioned the probable start of P16-L at the
AUG codon more than 700 nucleotides 3' of the polycy-
tidylic acid tract and 6,912 nucleotides from the UAA
termination codon. It should be mentioned that the above
information does not allow us to unequivocally state that this
AUG codon is the start site of P16-L. Also, if initiation in
vitro occurs at an abnormal site that has a sequence of
methionine at the first position and leucine at the fifth
position, i.e., nucleotide 700, we would not be able to
distinguish this from correct initiation. Nevertheless, we
conclude that our suggestion is probably correct, because of
the significant increase in the release of methionine after
inhibition of acetylation, the release of leucine in cycle 5,
and the similarity of P16-L polypeptides from in vitro and in
vivo demonstrated by tryptic peptide analysis (39). Further-
more, Beck et al. (3) have also suggested that translation of
P16-L begins at the comparable AUG in FMDV serotype
Cl, whereas the preceding AUG is recognized as the start of
P20a, the major viral protein translated in vitro at high
magnesium concentrations (unpublished observations). Our
attempts to sequence P20a isolated from high-magnesium in
vitro acetylation-inhibited translations were inconclusive.
P1 genome region: structural polypeptides. The amino and

carboxy termini of the larger viral capsid polypeptides and
their precursor cleavage sites have been previously identi-
fied (1, 28, 46) (Fig. 2). Cleavage between P16-L and the
smallest capsid polypeptide, VP4, was placed provisionally
at positions 609 through 610 between glycine and glutamine
for type A10 (6) and at positions 648 through 649 between
glycine and asparagine for type Cl (3). Attempts at micro-
sequencing P91 and VPO (Table 1) and amino-terminal
dansylation or Edman degradation of purified VP4 failed,
indicating that the amino terminus of VP4 is blocked.

Polypeptides generated from the P2 genome region. Micro-
sequencing of the primary cleavage product, P56-2AC (Ta-
ble 1), of the P2 genome region (17) released leucine from
position 14 and methionines from positions 21 and 25 (Fig. 2
and 4A). This placed P56-2AC 16 amino acids away from the
lysine-glutamine-leucine-leucine C terminus of VP1 and iden-
tified an apparent potential cleavage sequence, arginine-pro-

line. To verify the cleavage point, P14-2A (Table 1) was
sequenced, releasing leucine from position 14 and methio-
nines from positions 21 and 25 (data not shown), demonstrat-
ing that this polypeptide is at the 5' end of the P2 region and
confirming the arginine-proline cleavage sequence. Evi-
dence indicates that the other polypeptide coded by the P2
region, P41-2C (17), is altered in guanidine-resistant mutants
of FMDV type 0 (41). Microsequencing of P41-2C released
leucines at positions 1, 13, 19, 22, and 24 (Fig. 2 and 4B).
This positioned P41-2C at the 3' end of P2. Thus the P2
region codes for P14-2A (154 amino acids) and P41-2C (318
amino acids), both of which have recently been reported to
be associated with membranous fractions of cells (17).

Polypeptides derived from the P3 genome region. The P3
region encodes the previously identified RNA polymerase
(9, 36), a putative viral protease (15, 23), the three tandem
23- to 24-amino-acid VPg proteins (12), and an additional
polypeptide of unknown function (17). The genome locations
of the three VPg proteins (12) and the RNA polymerase (36)
have been reported. Microsequencing of the remaining ma-
jor polypeptides, P19-3A and P18-3C, from this region
revealed P19-3A to be the most 5' of these two proteins.
Leucine residues were released at positions 10 and 13, and a
methionine was released at position 29 (Fig. 2 and SA).
Microsequencing of P18-3C released methionine from posi-
tions 11 and 13 and leucine from positions 8, 21, and 23 (Fig.
2 and SB). By analogy to the location of the proteases coded
for by FMDV type O1k, poliovirus, and encephalomyocardi-
tis virus, we suggest that P18-3C is the putative FMDV
protease. Thus, the order of the proteins in the P3 genome
region appears to be P19-3A/VPgl-VPg2-VPg3-3B/P18-
3C/P61-3DPoL.

DISCUSSION
The results in this manuscript present the nucleotide

sequence and the complete nucleotide-derived amino acid
sequence for the coding region of the FMDV type A12
genome. Similar results for FMDV types Cl and A10 have
recently been published (3, 6). Furthermore, based on mi-
crosequencing of polypeptides isolated from infected cells
and from a cell-free translation system, we demonstrate the
map position of the major functional viral polypeptides and
the protease cleavage sites recognized by viral and cellular
proteases on the polyprotein.
Upstream of the single open reading frame, we have

identified 620 nucleotides that are present at the 3' end of the
polycytidylic acid tract. Within the next 87 nucleotides there
are two potential AUG codons, and our data indicate that
initiation of translation of P16-L probably takes place at the
second AUG codon (nucleotides 85 through 87) and that the
initiating methionine is acetylated. This codon has features
in common with the model proposed by Kozak (24) for
efficient initiation of translation (AXX AUG G). The first
AUG in the open reading frame has been postulated to be
utilized for synthesis of an alternative leader component
(P20a-L), which is related to P16-L by immunoprecipitation
(3). Initiation at the site utilized for P20a is not normally very
efficient (39) (unpublished observations), although if the
magnesium concentration is raised, P20a-L is the predomi-
nant polypeptide initiated and translated in a cell-free sys-
tem. Since the microsequencing of P20a-L isolated from
acetylation-inhibited lysates translated under high-magne-
sium concentrations was inconclusive, we cannot defini-
tively place the location of the P20a-L component.
The capsid region, as in other picornaviruses, codes for

four structural polypeptides. The amino and carboxy termini
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-620
UACCGCCCAUCCCGGUGUUA

AAGGGUGUAACCACAAGAUGCACCUUCGUCCCGGAAGUAAAACGGCAAUUUCACACAGUUUUGCCCGUUUUCACGAGAAACGGGACGUCUGCGCACGAAACGCCUGUCGCUUGAGGAGGA
CUUGUACAAACACGAUCUAAGCAGGCCUCCCCAACUGACACAAACCGUGCAAUUUGGAACUCCGCCUGGUCUUUCCUGGUCUAGAGGGGUGACACUUUGUACUGUGUUUGGCUCCACGCU
CGGUCCACUGGCGAGUGUUAGUAACAGCACCGUUGCUUCGUAGCGGAGCAUGAUGGCCGUGGGAACUCCUCCUUGGUAACAAGGACCCACGGGGCCGAAAGCCACGUCCAAUCGGACCCA
UCAUGUGUGCAACCCCAGCACAGCAACUUUUCUGCGAAACUCACUUCAAGGUGACACUGAUACUGGUACUCAAACACUGGUGACAGGCUAAGGAUGCCCUUCAGGUACCCCGAGGUAACA
CGCGUCACUCGGGAUCUGAGAAGGGGACUGGGGCUUCUAUAAAAGCGUCCAGGUUAAAAAGCUUCUAUGCCUGAAUAGGUGACCGGAGGCCGGCACCUUUUCUUUACAGCCACUGACUUU

30 60 9012
A VAAC CA CCAACUGU UUUA C ~UUUGGUAC'C GCaUA VCAGA GAGA UCAGA ~A UU UUCCUU UCA CGA iU CA ~AAAGs GAU ACC GAAA AGA GGAA GA U

METAsn hr hrAsnCys Phe! leAIaLeuV alHi SA aleArg~lull eArg a hePheL eu erArgAla1hrGyLys l~he hrLeuyrAsn ylySuArgLys 1hr
(P20a) 150 180 210 240
UUUU AC UCUAGG CCCAACAACCACGACAACUGU UGGUUGAACACCAUeCCUCCAGUUGU UUAGG UAUGU CGAC AA CUUUC UC AC GGGU CUACAA C CA CU AGAAkCCUCACACUA
PheTyr5erArgProAsnAsnHi sAspAsnCyslrpLeuAsnThr I eLeuSinLeuPheArglyrVaiAspGluProPhe he spTrpVai1yrAsn erPro iuAsnLeu IhrLeu
C~AG CA VCAAA CAGC:UG AG 0AACUC ACAt GiCUUGAGUUGC4C GAG GGC GGA CCA 2U UCUCGU A C UGGAACA UCAAACA~C 8CUC CAA 8CC GGCA U UACC G CCCGi~2
AaA1alieLys inLeui uisLeu hrb yLeuGuLH s8 yS r roA aLeuVa II e rpAsn IeLysHisLeuLeuGin IhrbIyI ebIyThrA a er rg

~~~9Q~~~~420 450 480
~CAkCGAGGUGUAU~GUUGACGGCACG9AA2AU~UGUCUG ~U AUC4kA~AUUCUAAAEGAAAkCU U~UGG~C~CA G GGUACGCG
ProA aArgCysMetVa 1AspsiylhrAsnMetCysL euAlaAspPheHis aS yl ePheLeuLys iuuIn1 uHisA aVa IPheA aCysValihr erAsnSiylrplyrA Ia

AUCGAU GAC 6AGGAUUUUUACCCCUGG-1~ CCGGACCCGVCCGAUGUCCUGGUGUUUGU ~CG AC AUAAGAGCCACUCAACGGAi~ gUGGAAAGCCAACGUUCAGCGAAAGCUU1R8
IieA spAspG iuAsp PheTyr Pro rpThrProAspPro erAspVaILeuVal PheVaY ro?yr spiln is roLeuAsn yPy rpLysA aAsnVal InArgLysLeuLys

8JAk~~~~~~U
60 G

660 690 720
GGAG U AAUCCAGCCCAkCAACC ~CUCGEAGAACEAG CC8~AC gU8 CASCJAAACAACAACUACUACAUGCAACAG AC AGAACUCCAUtGACACAEAGCUUGGUkACS -yAaSyPin erSerProA a hrSiy er InAsn In ersiTjisn Ilri ySerl el YeAsnAsn lyr lyr e sn in ryr lnAsn er etAsp1hr lnLeu8lyAsp

a P20a/P IS
70

WP4I~780 G U A
AACGCCAUCAGC~A ~CUCCAACGAG ~C~C CgGAC CA CCUCAAgACACgACACCAACACUEAAAACAAC AC GG UU C:A810CUUqrCAGU CA~U UC gC GUCUG U2
AsnA al ieSerlySly erAsn iu y erhrAsp1hrl hr er IrHis 1 r IhrAsn r Ans pr eeLseAare erye he

870 903096GGCG ACACGCUC Cd ACAAGAAG ACG OAAG AGACCA CACUUCUG GAA GAC CGC AUC C U ICA CCCCCGCAAC GGGCACgC gUgCG ACU ACCCAA UCGAGUGUGGG AGU CA GYACGGGyA aLeUuLeuAispLysLySThrGluGis hr hrLeuLeu iuAspArg I eLeuhrlbrArgAsnSlyHis r rrrne ra ya ry
VIP4 - P2 990 1020 1050 1080

UAUCC AGGAA ACCACGU SOCU 00G CCCAAC~AC UCGGG CUUGGAG ACGCGGGUGGUGCAGGCAG AGAGA UUUUUUAAGAAG UUUCUG gUUkA U GG CA CG ACAAA CU UU
1yr erThri lui AspHisVaiA aSiyProAsnlhr erSlyLeui slurArgVa Va lInnAaiuArg he heLysLysPheLeu he splrplhrProAspLysPro he

1110 1140 1170 120
GGACAUCGGACAAAGCU GOAGCUC CC gCCACCACCACGGCGU U UCGO ACACCUGOU GGACUCAUACG~CC GACOUGAG OAGOCUGCCGUYVOCAACC S
OyHisArglhrLysLeuSisles ProlhrAspHisHisSlyVa PheSlyHi sLeuValAsp erlyrA ayr etArgAsn6 iyrpAspVa luV iS9erA aVa ISyAsn SIn

1230 1~~~~~~129 130
PUCAA8~C8G~GCUUCUGU J1230R2E10CjUAGC CCAGAjA UAAC AU CU~UCAAC~G~GEUUCUGUGGCC AUGGU OCCAaGAGUGGAAG ACA VUU GAC ACAi SUGA8AGAAUAC ICA CCACAGcC G
heAsnyy sLeueuV alA aetVa Pro Sus rpLys nrPheAspThrArgSisSisyrSinLesuhrLeuPheProHis in a! eSer roArg hrAsn etTihr

1350 1180 141014
G~CCCACAUCACGGU UCCG UAUCUU ~UGU AACAGG AU AU :AGUACAAAAAGCACA AG CCCUGGA CGCUGGU A U AUOGUAUUGSUCUC CCCUC ACGGU CAGCAACCACUGCCCSACAlaHislieThrVaiPro yrLeuSiyVai AsnArg yr sp InTyrLysLysHisLysProirpihrLeuVa lIe etVai Leu erProLeuTIhrVa 1SerAsn 1hur ~aka hr

1470 1501530 1560
CAAAVUAAGGUCUAUGCCAACAVUGCCCCA CC UACGUVCACGUkU ~A AlACUCCCCVUCGAAGGUI~GGAUUUUCCCGGUUGCGUYUUCGGACGGU AU ~A ACUGGUGACAACA
Gin!l eLysVa iyr AlaAsnl 1eA a Pro hr TyrVa iHisVa a y luLeuProberLyV iyIlePheProVa 1laCys erAspSIyTyrS1ySyLeuVa 1ThrThr

CGAACA ACCUGUJYACA UAAG8AGYACAAC5CG5CCCAAG ACCAA UAACG U ACACCGU GAi%U~CC AACAVUCCCUUC CUCUGUUUCspC roy hraS rVa yr yLsuyrnroP roLys I hrAsn Tyr ProArg Arg Phe hrAsnLeuLeu spVa AlauisA a hsror heLesCysPhe
1710 1740 1170 1800

OACO AC GOGAAA CCG SACGU CGU VACG CGG ACA AC ACACC CGACUUUUG OCCAAGUUUGACGUCU CCCUU ~C AAAACACAU gCCAAC ACA UA CCUG UCAGG GA VU GCACAG AC
ASpAp Si yLysP roTyrVa1 Va ihr ArgI hrAspAspThr ArgLeuLIesuA aLys PheAspVal erLeuAiaAaLysHi sMet erAsn1 hr lyrLeu Ser SIyl eA a Sln lyr

YAU~CAEAGYAC~CU8~U
1830 1860 1890 1920CACAC UG CCAU CAACCUGCACUUCAU 6UUCACA ~C CU ACUGAC UCAAAAGCCCGCUACAU 0GU OGCU U C CCCACCUGOGGS ~GAGACGCCA CCGGAAACACCU

yrhrInlyr erGiyhrlieAsnLesH isPheMetPheThrSly er1hrAsp erLysA aArglyrMetVaiA ayrlIlProProGlyVa GlushrProProGiuThrPro19 19802010 Q40
0AGRC UCAC GCA VCCAC ~8A OGG0 AC ACA GOACUGAAC UCCAAA VUCA CCUSUCAASCCCG ACGU ~CC~CCAUUACkGCGACACCkOC0GUCUR0AC ACGGCa AA

luy a aHis Sli eHis a is rpASp IhrG yLeuAsn SerLys he hr he erl iePr rVr akiaASpTyrAiaTyr 1hr A a ~erAsp hr a~is
2070 2100 10 26

CACCAACGUAECAG8GOAYUGGGU CUGUA U AU CAAAUUACACAC ~GOAAGG CUGAAGAU AC CCUUGGUVGUGUCGGCUAGCGCCGSiCAAAGACVUUGAGUUACGCCUCCCGAVUGAoChrhAsVlInSyrpVai Cysl lelyrSlnIlleThrHisSlyLysA a luAspAsplhrLeuVa 1Val erAlaSerAlaSyLysAspPheSiluesArgLeuProUlesp
FCCCCGG V AA CACCG C ACC GOil8U CU ~GCAACCCUGS CACCACCACCGU ~ i8AACUACGOUG UGAG ACA CAAGU C C i8AAGUC4CC4C ACOGACGU CAGU UUCA iU~PrAr hrGv hrTA1 aThr isl erAlaAspProVa iTh rThrThrVa 16uiAsn yr y y sluhr Sin Va lS nArgArgHisHisshrAspV a iSer Phel eMet

V 3- -VPI
UU

0 370 2400
RACAGAUUUGUOAAGAVAAAAAGCUU iA ~CCACACACGU A UGACCUCAU A6jC2CACCAACACGOGCUOOGG58URGCGUUUSCGUGCAiCC8gGUACUACUSCUCCRACUUGspArgPheVaiLyslleLysSerLeuAsnP ro ThrHisVa Il eAspLeuMehin hrHis SInHis S yLeuVa 11yA aLeuLesArgA a alalryr yr he erAspLes

2430 2460 2C490 22
AGUUGUYGOS GGCAC 6AUGOCAAUCUG 8CCYUOGU GCCCAAC GO S6C CCC AluSG ACCCUG UCAAACJC8CCGOCAAC CCC CUYCACAACAAOGCACCGVUCJCGAGGCUJ~8luIleVaVa rgHAspGlyAsnLesu hrI rpVaP roAsnSlyA aProSiA1A aLesu erAsn r yAsn Pro hrAla yrAsnLys AaProp he rArgLes Al

2550 2580 210 2640CUC CCU UACAC UOCGCCACAC CGCGU 0 UVG 0CAACUG VOVACAAC OOOACGAACAAG VAC VCC ~GCGAC GUgUCGGGAGUGC GA GO C SAOU VUU8GOGCUCCUC~G~CG0CCOCGAGOUCOCGAGALeu rolyr hrAlaProHisArgVai LesuA alhrVailyrAs nSyh rAsnLys lyr er A a Ser SI yerSyValArg Sl sp Phe SySerLesuA a Pro ArgVa AlaArg

AACUU~~CUR~~U
2670 2700 2730 2760

~AACSUCCGCU U CV UCAAC V AC005 GC AA VVAAG OCCO A A CCA V CCC G AOCVVCCGUOCCGCCAGCAAAGCUGOUCGSO AOCUCAACAUGCCCCGOGCUCACUGCGGCCAAGVCAAAUGCUGUCA
mILeesroA a erPheAsnlyr SyAa eLysAla ushrl 1eHisS iluesLeuVa Arg e LysArgA a Siluesu yr CysProArg roLeuLeuA all eSIuVa ISer

2790 ~~~~~~28208~ 2880
VCGCAAGACAGGC4CAAGCAGAAGAVCAVU0 A CCOOAAAACiAOCUGCU AC~ USACUVACUCAAGSUG A ~U ACGUVGAi6ULAACCCAGCCUCUUCUSUGCSOACSUV
SerSlnAspArgHisLysGInLysl 1.l leA aro GyLysG IneL AsnPheAs~f sIe y a a y pVISi ersn CroAAGr rPehhAlasVa

2910 VPI ~ 940 2970 X? .- - -s--- P14 30
AGOGUCAAACVSUSCAAAGUUGGUA AC CAA VCAAC CAGASOCAGO AG GACAUOUC ACAAAACACOOG~C CCAC SCAAC CGGUUGGU~C~ A USUOAG GAAUVUG CIACUpHGOASArg erAsn he erLysLesuVal AspTh rIl eAsn Sninet In SluAspmet er hrLysHssGyProAspP heAsn ArgLeuValserAaPheS isu isLesua hr SIyVa1

AAA~~~UA?CAGG~C030CCACCACCA GCGCGCOOCAUt C SOSU A ~A GO CCAAG AC CAGS UUGUAAAVA AC AluCCAAACCCUGGUACAAGCUUIYAAUC A Vo C G C G s ? s s y v y y s
Lys al eArglhrSlyLesAspS sAaLysProlrplyrLysLeu IeLysLeuLeuserArgLeu erLyslIe AaAaValnanla rglhrLyssp rroVa LesValAla

3150 318032024AVCAUOCUGOiCCACACC GOUCUC AGAAUC UGO ACAGC ACCUU UGUCGU 0AAGAAG A C CUG,AC UCGCUC VCCAGUCUCUUUCA2CSUO CCOG CCCC CGU CUSCAGUSUC GOAGCCCC
IeMetLesAlaAsplhroiyLeuoiluI eLeuSApSerlhrPheValVa 1LysLys I le erAsp5erLeu erSerLeuPheHisVai roAl aProVaiPheSerPheGlyAl aPro

GUCCUOSUG GC UGOGUUGG C AAGG CSCUCGAGUSUCCUCJCGG5CC ACA CCC GA SAC CUC60AGAGAC AG AGAAA CAGI CAACCGGAAVUAGC USUC GCCAUS U
ValLesLesA aO yLeuVal LysVa la ~erSerPheLeuArgSerfhrProSIUAspLeuSluArgA uSiLysSilyeuLysA laArgAspl IeAsnAspllePheAl aIleLes

P14 P43390 ~~~~~~34203~C450 348
AAGAAC8GOC GAGYVGGCUGGU CAAGCU GSCCUU OCCA VC CGC 0A CGGVOAUCAAG OCA UGG A VCRGCCCA GAAGAGAAGUUVGU CACAUSAC AGACUSUGGUACUU8GO A VCCUUGA AAA
LysAsnG yGluTrpLeuVai LysLeslu1eALe all eArgAspirpl eLys al arpl 1eA aSerSlsSisLysPheVa lhrMetlhrAspLeuVaiLesSlyl 1eLesuiluLys

3510 3540 3570 30~AAGG'~ACCUCAAC AC CCAAGCAA SVACAAG GAG GCUAAG GAG VGGCUC 0ACAA C ~'GoGC AG G JGUUSUGAAGAGC GOGAACGU C CACA UG rCAACCUG GCAAAIGU 6GU CCCEl gXspLesuAss Xsp ProSerCLys lyrL ys SiAlu aLys lus rpLeu spAsn X aX rg In XYaC~ysLesLysSer Sy AsnVa 1 Hs! eA aAsn Leu ~ysLy sVa 1Va AlOa

of VP1, VP2, and VP3 have been previously published (1, precursor (P91-VP4/2/3/1) produced during in vitro transla-
28, 46). The amino terminus of VP4 could not be determined tion when acetylation was inhibited. Consequently, the
and is apparently blocked by other than an acetyl group, cleavage site between P16-L and VP4 was not located. Beck
because neither leucine nor methionine was released from its et al. (3) have postulated that since the cleavage between L
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3630 3660 3690 3120
C CA ~A CCAGCAAG UCGAGA C CC AA CCCGU 0GU CGU UUGCCUCC GU G CAAA CUCuGCCAAGOGAAGAGUUUCCUUGCAAACGUGCUCGCU CAA 0 ICA~CCC ACCCACUUCACCGGCProA1aProSerLys erArgPro luP roVa IVa IVa lCysLeuArgGl yLys SerG y InGlyLysSerPheLeuA aAsn VaiLeuAlaGn A el eerlhrHisPhe hr y

3750 3710 8 3840
AGAACUGAUUCAGUUUGGUAC?GC~CG~CU AC CU ACCUCA AGCG U~UA~ AU AUUUGGCAGAACCCU6AUGGCAAGGAC UUCAA GUAC
ArgIrAs~eVai p IyrysPa~oASPrAspi~heAp yyyrAsn In in hrVa Va IVa MetSpAspLeuayIyGnAsnProAspGiyLySAS~pheLysTyr

UUU~~~JC
J~~87Q30330 36

UU CAAAUGGUY99CAACUACGtGO UU LA C CG CCCAUG 0 A CACUU GAG A AAAGGUAAACCUU UCAACAGCAAGGU CA UAU GCAC CACU UAG GGUUCAC
Phe aInMetVa lerThrThrG yPhelIe roProMetA a erLeu8 laAspLysGlyLysProPheAsnSerLysVa 11IleY a hr hrAsnLeeayrserolyPheThr

CCGAGAACCAUGGU GOGCCCUGAUGCACUG AAC CGGAGG UUCCAC UUU G CAC UGUGAGCGCCAAGGAC~GGGUACAAAA UUAACAACAAAUUGGAC A9UGUCAAAG ACUGA ?A
ProArg IhrMetVa iysProAspA aLeuAsnArgArgPheHis PheAspl leAspVa Ser AaLys SpGiylyrLys I eAsnAsnLysLeuAspI1eVaILysAIaLeu luAsp

CCCCUAC CAGUGGCAUGOUULJ12 UAC AU GU ~CCUUCUCAAC GOC A U Oi?G U 90AA AU AAGAGAA UGCAA CAA0AU U UCAAG CCUEAA CG CCCCUC CAGAAMNU
hrHisTCUAAC CoaG e he In yrpys LeuLeuAsny eA aVa 1 luMe LysArg e InIn5f sp eheLys ro In ro roLea nsna

4230 4 26 Z0 4 3JQUACCAACUCGUYCAGGAGGUGAYUUGAACGGGUCGAGCUCCACGAGAAAGUUCACCACCAAYUUUCA A CC 4UCC CEAAAAAUCCGUGUUGUA~UUAUA
Tyr lnLeuValGInGiuValIl e laArgVaiG uLeuHisGiaLysVa ereHsr eyu orILseV LeayyrPheLeu leslu

43504344410
Pe

4440
AAGt CEAGCAC 0AA ~GCGCAUUGAAUUCUUUGAGGGCAU~GGU CAC AC CCA U AAGGAGGAGCUCC GG CCUCUCAYC AkAC A ACU UCA UUUGU GAAA CGC OCUUUCAAGCGCUUG
Lys GyG inHisGiu AiaIaleGiuPhePhei GluyMe VaaHisAsp erlleys GiaGuLeaArgP roLeul leG InIn1 hr Ser PheVa iLysArgA aPheLysArgLeu

4470 4500 4530 4590
AA GGAAAAC UUUGAGAYUUGUYUGC CCUA UGCUUG ACCCUUCUG G CAACAUAGUGAUCAU A C GC G AA CU CGCAAGAGGECAGAAGAUGGUGAAUAU PAACVAGUACAULSAGLysGiaAsnPheGlal 1eV alla Lea CysL eu lhrLeauLeuaAaAsnl eVallI eMetIleArg8l 1 hrA rgLys Arg5 inLyse a ~spAspAaValAsni au yr e la

AAGJGC AACAYC CC ACGG AU C GACUCUU GAC GAGOCGG AGAAGAAC CCUCUGGAGACCAiUGGUG C G CUUUGUUC8GGGAUAAGGss

Lys AaAsnl ielhrlhrAspAsplhrlhrLeaAspialu aGuLysAsnProLeauluhr er81yA erlhrVa 8yPheArgsiaArgl rLeuhrslys InArg a ys

4710 4740 4770 4800
AAUGACGUGAAC CC8AGCCU0CCCGG~CCCGCUGAGGAC AAAUA ACCCUCCGCCGAGGCAGUCAAGG
AsnAspVa 1Asn er larroA argProAlaSla8 Ia8nPr n 1~ oe urglnrnroeuyaaAr ayseur In8In

4810
Pi48P0- PgV 4 UG01

A~GCUYC U GAGA AECAGAAA5CCGCUGAAAGU GAAAGC AAAA 6CCGGU CG,UCAGA*iCUYC GAG A CGGU AAGA CU UUUGAAA
ACACUCCUG4848AGA ACUA8lyroaLAAGCUUroyr ayP roLea iaArg l nLys ProLeaLysVaiLysAlLy a oa1Va1Ls1 yPr r a LysLys ro a uLeLys a

VP -VPg2 AG CUA4950 ~ C~C~4980 VP,.2 -
__eLasPn3~rV A 5040UAAGAACUUGA G~6 GU GGU JC C~GCCGACUUGCAAAAG AUG GUCA U ~~AA AAA CUCAVCCUU AC JGAAG CAGU AG CAUCUGUAAGyaLysAnLeal eV

rrI 4erGl a ro ro hrAspLeau InLysMetV a Me yAsnhLys roVa auealeLupyLsrV_ a lieCys
VPgS 5070 Pi 100 510 5160

UG UGCUACU 00AGU 0UUUGGCACUGC,UUACCUCGUGCCUCGUC4UCUUUUCGC:AGAAAGYAU ACAAGAYCAUG CUG AU8JCAGAG~OCAUGACAGACAGU AC ACAGAGU 0UUUGAG
CysA aThrG yVa 1PheG yThr ayrLeaVa lroArgHi sLeaPheAla1 Lys yr spLysl leMe L eaAsp yArg A aMet hrAspSerAsplyrArgV a iPheG au

5190 5220 5250 5280
PUUUGAGAYUUAAAGUAAAA ~AEAGGACAUGCUCUCAGACGCUGCGCUCAUGGUGCUCCACCGUGOGAACCGCGU AGA AUAUCACGAAACCOUUUCGUGAUlACAGAAGA U AAGAAA
PheGilu1 eLysVaiLyslys lnAspMe LeaserAspA aA a LeaMetV a lLeaHisArgGiyAsnArgVa ArgAspIl e hrLysHis PheArgAsplhrA aArgMAetLysLys
R~CIC~CCG~GU~RUGU~U~53112JQYOCC 5340 5370 5400

UUGUCACAA GCGACGUYUGOGAGACUGA UUC U UAG ~CCUC ACC ACAAG AUAYUGUAGU ~GCA U GOAC ~AAC CCASOC CUAGCCUCyhrrVa Va yVa 1Va 1AsnAsn aspha 11yArgLealeh r a
l aLea hr yry Ip eVaiVa IysMe tA tPphreroSer Lea

5430 5460 5490 5520
UUU0CCACAAACCG CCCAAGJ A YACVGUGOAGOAG CCGUYUCUCOCCAAsGAC8GGGGCCGACCgUUUCAUCGUCGGCCgU~CUCOCAACAUAUGAAUCPheA ayrLysA a harLys a ylyrCysiylyA laVa ILeaA aLys aP sp hrPheIeVa&GylhHRs er alSyGyAsnGlyVa yyr ys

5550 55~~~~~~~~805610 5640
UCAUGCGUUUCCAAG CCAGCUCCAsAAUGAAGGCACACGUY AC CUgAACC ACC UUAAUCGU90AUACCAGA~AUGUGOAAGAGJGCGUUCACGUGAUGCGCAAASerCysVal erLys erMetLeaLeaArgMetLysA aH ISV a ASpProG ar ~Hisiiy 4IV spI hrArgAspVa IlaSiaArgVa1 HisVaI MetArgLys

ACCAAGCUUG A CC CCGU ACAS GUGU09UCAACCCUGAGOUUUGGCCCGU UUGUCCAACAAG AC CG GCCUGAA JSEUGU GU CUC ACIAA U
ThrLysLeauA rhVa aHis8 yV a PheAsnP roGiaP heslyP roAluaA 1Leau erAs nLysAspProArgLeaAsn la yVa Va Lea sp ula e r

5790 5820 5950 ?J80AAACACAAAGGAGACA CAAAGAUG UCUGC AG AGGACAAAG CGCUGUUC C C C UGG UGCUACSAC~GC UCGUGACG5AUGEUACAGC AAAU~C CCGG U
LysHisLysGlyAspThrLysMet5erAlaslaAspLysA LeaPheArgA aCysA a a sp yr 1aerArgLeaHisSerVaiLea yThrA aAsna roLeaSerlle

5910 5940 570 6000CCJYYIA CGAGGCAAUCAAA GOCG ACGUGU0C OA UCGC CGC CCU GO CCUC CCCUGG0CC UCA OGAGCGG COUAUA C0AACGC
yr 8 uA aIl eLysl yValAspGlyLeaAspA aet8la er Asplhr AlaP roGlyLeuProirpA aheiInsyLy sA rg Argl y AaLeaule spPhe8 laAsn syl hr

6030 ~~~~~~~~60606090 6120
GU 8A CC 0AAGU COAG OCU OC CUU oA GCUCAU ~AGAAAA GAGAASACAAGUUUGU UGUEAG ACC UUCCUGAAGGAC GAAAYUU GCCCGAUGOAGAAAGUA CGUG CCGOCAAGACU
Va syP ro luaV a 5alu a AaLeaLysLeaMe5 auLysArgGlalyrLysPheVa ICysG In lhrPheLeaLysAsp alul eArgProMet8laLysVal ArgA1 aslyLysThr

6150 6180 610 64
C GCAUgGU COAUGUYUUG CCUGUYSOAAC4CAYUUCUU UACACUAGGASUGAUtAU GOC AGA UUUUGUGC A CAAU CAC UeCAAA CAACGA5CGEAAAU ~C CAOCGGGGUGiUUGCAACArgl IVa AspVa1 LeaProVa 181uHisIl eLeaiyrlhrArgMeMet Il e8lyArg PheCysA asnMe His erAsnAsn 1y rosn leslyerA aVa Isy ysAsn

~CU~AGUY~UYGGAAAG~U
6270 60063030

AAAAUUUOCAC AACU U CAGYUACAGAAAUGU 0508 ACOGU GOACU A CUCA0aCCU UUAU C UAA 2iCCAUGCAGU 0AU ~UaAUAACAYUCAUGUUUArosVa s rp nArgheGlyhrHissheAlaInnyrArgAsnVa 1rpAspVa Asp yr Ser AlaheAsplhrAsnHis CysSerAspAlaetAsn l eMetPhesla
OAGGU~OUUCCGCACG0ACUUUGUU C CAAAU JU AG UGGA UCCUGAAGAC6U4C6 GU 0AACACOG AGCACGCCAUGA GAA ANCGCAUUACUGUYSOAG8GOUEGOAAUOCt~sluValrheArgThrAspPhesly heHlsP roAsn Aa lau rplIeLeaLys1hrLeaVa 1Asn hr laHisMa yr iaAsnLys ArgIlel hrVa luaGyGlyMetProerU

6510 6540 6570 60
O AC UGUUCC O AA 0 CUACACAC AUUUUGAACAACAYC ACGU CUCYAC0CCUUGCGCAGACAC UAUGG0AGU uA C U GO ACJgUYUAC ACCAUtA UC UCCUACAA
AspCys SerA ahrGyly1 eli eAsn Thr eLeaAsnAsnl eeyrVal LealyrA aLeaArgArgHis lyrsiaulyVa laLeaAsp r lyrI hr Met Il e er yr y sp

6630~~~~~~~I6660 6110 62
GACUCGUGU ~AAGUGAUUAG UG5A C UO GO UUAG CACUU A CUCUUR00U CAAJACCA C CU C A U CAAAAGCGACAAAtGOU0UUUGU?UCUU CAsp 1eVa Va a erAsp IyrAspLeaAspPhei AlaLeaLysProHisshLsera5yinrIehrrAApLSrALylPeV1LalyHis

6750 6780 6810 6840
YCC?U~C~AGU~CUUUCCUCAAAAGACACUUCCAUAUAGAU UACGOAACUGO GUUUUACAAACCUGU 0AUGOCCUCAAAGACCCUUGAGOCUAYUCCUC UCCUUUOC AaGCCGUt G
erlehr spa hPheLeaLysArg Hs1PheHisIl eAsplyrGlyThrG yPhelyrLys ProVa MetA a erLysThrLeaGalu all eLeaSerPheArArl

670 6900 6906960ACC AAGGAGAAGUUGACCUCCGUGGAOAU aCGCAUC0ACAA9GUCG,GCCUUAC CA UCUCUSUUGAGA A CAAGCUACAGAUCACUUTrl I GnGiaLysLea1hrerVaAl aGyLeaAu V a His sers y roAsp lau yrArgArgLeaPhe lu ro he in~ yLeaPhe lal leProSer IyrArg erLea

TyrLAArUGGUrpVGalAsnAlCaVa 1Cys yso~p YAURCCCCAGAGAUCACAAUUGGCACAAUGAUUCUGGGGCGCGCGACGCCGUAGGAGUGAAAAGCCCGAAAGGGCUUUCCCGG
UUCCUUUUCUUUAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

FIG. 2. Nucleotide and derived amino acid sequence for the coding region of FMDV serotype A12 large plaque, ab variant. The principal
initiating methionine is depicted by lines above and below, and numbering is started at the first methionine of the 6,996-nucleotide open
reading frame. Cleavage sites are indicated by the double-headed arrows. Amino acids identified by radiolabeled microsequencing are
underlined. The wavy line between P16-L and VP4 indicates the uncertain cleavage point. The 16-amino-acid section between VP1 and
P14-2AC which was not identified by sequencing of any precursor or product is designated by X?. Reanalysis of the nucleotide sequence has
revealed an additional CUG leucine codon at the carboxy terminus of VP1 as compared with the sequence reported previously (22).

and P1 and between P1 and P2 is presumably by a host information demonstrates that the A12 Pl-P2 cleavage oc-
protease, some homology at these sites might be expected. curs between leucine and asparagine and the same potential
A consensus sequence deduced from the Pl-P2 junction of L-Pl glycine-asparagine cleavage is present at positions 216
eight FMDV strains was used to suggest that the L-P1 and 217 for type A12. However, based on additional unpub-
cleavage occurred between glycine and asparagine at amino lished information that type A10 VP4 contains proline (6)
acid positions 217 and 218 of type Cl (3). Our present and, by analogy to the L-PI cleavage site in EMC virus,
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FIG. 3. Radiolabeled microsequencing of P16-L in the absence (A) and presence (B) of inhibition of amino-terminal acetylation. The

sample sequenced in A was isolated from FMDV-infected cell lysates by using 3 x 106 BK cells infected with FMDV (multiplicity of infection,
100). The infected cells were labeled for 15 min at 4 h postinfection with 156 ±Ci of [3H]leucine and 390 1±Ci of [35S]methionine. Normal in
vitro translation of FMDV RNA was performed in reticulocyte lysates (36, 37) as described previously (8); acetate salts were excluded, and
the potassium concentration was adjusted to 101 mM when it was desired to inhibit amino-terminal acetylation (B). In addition,
acetylation-inhibited lysates contained 0.15 FLM oxaloacetic acid and 1 U of citrate synthetase (30). Translation products in the lysates were
labeled with [3H]leucine (50 to 500 ,uCi per translation) and [35S]methionine (125 to 160 ,uCi per translation). Polypeptides were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, processed, and sequenced as described in the text. Symbols: E, [3H]leucine; *,
[35S]methionine.
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FIG. 4. Radiolabeled microsequencing of P56-2AC (A) and P41-2C (B). Polypeptides were isolated from FMDV-infected cell lysates as

described for Fig. 3A. After gel separation, elution, and microsequencing, the released [3H]leucine (O) and [35S]methionine (A) residues were
determined for each cycle. Polypeptides isolated from in vitro translations gave similar results. In the first and sometimes fourth Edman
degradation cycles, there appeared to be nonspecific release of [35S]methionine.
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FIG. 5. Radiolabeled microsequencing of P19-3A (A) and P18-3C (B). Polypeptides were isolated from FMDV-infected cell lysates as

described for Fig. 3A. After gel separation, elution, and microsequencing, the released [3H]leucine (Ol) and [35S]methionine (U) were

determined for each cycle. Polypeptides isolated from in vitro translations gave similar results.

Carroll et al. (6) proposed cleavage of L-P1 to occur at a

glycine-glutamine pair (amino acids 204 and 205) in type
A10. The amino acid sequence through this region (residues
-200 through 230) is identical for A12, A10, and Cl. In the
absence of definitive amino acid sequencing data, we feel
that the L-P1 cleavage cannot be defined at this time, and the
data in Fig. 2 and Tables 1, 2, and 3 reflect this uncertainty.

Within the P2 genome region ofFMDV, only two products
(P14-2A and P41-2C) are generated as compared with three
in poliovirus and encephalomyocarditis virus (38). However,
the nucleotide sequence defines a small peptide of 16 amino
acids which is not present at the C terminus of VP1 (1, 33) or

on the amino terminus of either the P2 genome precursor
(P56-2AC) or its most 5' product (P14-2A) (this 16-amino-
acid peptide is designated in Fig. 2 by the "X?"). Since
translation is contiguous, either rapid proteolytic processing
removes these 16 amino acids, or an additional cleavage
between an arginine-proline sequence (Table 1) has oc-

curred. Work is currently underway with antiserum against a

synthetic peptide corresponding to a portion of "X" to
identify the product(s) that may contain this peptide. The
identical amino acid sequence is present in A10 (6) and type
Cl (3), with the exception of the residues occurring at the
arginine-proline cleavage site (A12, proline-arginine-proline;
Cl, proline-glycine-proline; and A10, leucine-glycine-pro-
line). Considering this difference, it will be interesting when
amino acid sequencing is performed to see whether such a

peptide is not found with types A10 and Cl.
The P3 genome region of FMDV is known to code for the

previously identified viral RNA polymerase (9, 36), three
tandem VPg molecules (12), and a viral protease (15, 23).
The relative position of the RNA polymerase and the three
tandem VPg molecules has been confirmed, whereas the
remaining two components, P19-3A and P18-3C, are the first
and third polypeptides translated in this genome region. The
poliovirus protease maps in the third position in the P3
genome region (18). By analogy to these systems, P18-3C
may be the FMDV protease. Recently, using an E. coli

expression vector containing FMDV cDNA of different
sizes, Klump et al. (23) mapped the putative viral protease
activity to a position 5' adjacent to the viral RNA polymer-
ase gene segment. The function of the remaining viral
protein from this region, P19-3A, remains to be elucidated.
These experiments reveal that, in contrast to poliovirus

and encephalomyocarditis virus proteolytic cleavages, little
homology is apparent in cleavage of the FMDV polyprotein.
There does appear to be recognition of glutamic acid or
glutamine residues followed by glycine, serine, or threonine
(Table 1). This specificity is similar to the glutamine-glycine
sequence recognized by the poliovirus and encephalomyo-
carditis virus proteases (18, 34). In addition, a second
general cleavage sequence is recognized: lysine-glutamine-
leucine-leucine-/-asparagine, lysine-glutamine-/-leucine, and

TABLE 2. Charge properties and molecular weights of type A12
FMDV polypeptides calculated from the derived amino acid

sequence
No. of residues

Polypeptide - Mol wt pKIl
Acidic Basic

P16-Lb 24 18 21,176' 4.8
VP4b 5 2 7,592' 4.0
VP2 23 28 24,677 6.7
VP3 26 22 24,267 4.9
VP1 17 32 23,396 9.7
P14-2A 18 20 16,894 7.3
P41-2C 38 46 35,950 8.0
P19-3A 26 22 17,368 5.1
VPg-1-2-3B 6 16 2,644 10.5

2,586 10.3
2,561 10.0

P18-3C 24 33 22,993 8.7
P61-3DPOL 63 67 52,694 6.0

" Values for amino acids are based on those obtained by Shire et al. (45).
b Arbitrary selection of glutamine-serine at nucleotide positions 642 and 643

for calculations.
c Provisional due to uncertainty of the L-P1 cleavage site.
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TABLE 3. Comparison of A12 FMDV polypeptide sequence
homology with FMDV types A10 and Cl

lypeptide No. of

P20a A12
A10
C1

P16 A12
A10
C1

VP4 A12
A10
C1

residues Differences' % Difference

214b
215
214

l186b187
186

71
71
71

VP2 A12 218
A10 218
Cl 218

A12 221
A10 221
Cl 219

VP1 A12
A10
C1

X? A12
A10
C1

P14 A12
A10

P41 A12
A10

P19 A12
A10

VPgl A12
A10
C1

A12
A10
C1

A12
A10
C1

213
212
209

16
16
16

154
154

318
318

153
153

23
23
23

24
24
24

24
24
24

P18 A12 213
A10 214

P61 A12 470
A10 470

23 + 1 insertion
21

18 + 1 insertion
14

2
1

8
47 + 1 insertion,
-1 deletion

11
39 - 2 deletions

22 - 1 deletion
62 - 4 deletions

2
1

4

5

11

3
1

2
2

1
0

7

16
' All substitutions and each addition or deletion of a residue for types AIO

and C1 (3, 6, 12) are counted as a difference as compared to A12.
b Cleavage at glutamine-serine was arbitrarily selected at nucleotide posi-

tions 642 and 643 for calculations.

lysine-glutamine-/-isoleucine. These three related sequences
occur on the borders of the P2 genome region and between
the two functional proteins (P14-2A and P41-2C) within this
genome region. However, present information suggests that
these two general cleavage sequences can be recognized by
either a virus- or a host-derived protease. Although there are
similarities between the specificity of the poliovirus and

FMDV proteases, comparison of their amino acid sequences
reveals only three limited areas of homology (unpublished
observations).
The calculated molecular weights and pKI values of the

identified structural and nonstructural proteins of type A12
FMDV are shown in Table 2. Proteins VP1 and the VPg
molecules are highly basic, whereas proteins P14-2A and
P41-2C both have long tracts of hydrophobic or uncharged
residues as determined by the algorithm of Hopp and Woods
(20), a characteristic that correlates well with their associa-
tion with membranes (17). No strongly hydrophobic area
was identified 5' adjacent to the VPgs for A12 or A10 (6), as
is found with poliovirus (42). Both show a strongly hydro-
phobic 16-amino-acid span 77 amino acids 5' of the first VPg
about midway in the P19-3A sequence. However, the poten-
tial for this region allowing membrane association of a VPg
precursor seems unlikely due to preliminary evidence that
VPg is processed from a P81 precursor (VPg-C-POL) (17)
rather than P19 as has been shown for poliovirus (42).
A comparison of the complete coding region of FMDV

A10 and A12 and the L-P1-P2 regions for A12 and Cl reveals
a high degree of amino acid homology among most of the
viral polypeptides (Table 3). As expected, the immunogenic
VP1 polypeptide contains regions of high variability between
the two subtypes A12 and A10 (about 11% different) and a
significantly higher variation between serotypes A12 and Cl
(31%). Although the VP4 amino acid sequence is highly
conserved in all three types, as are VP2 and VP3 between
A12 and A10, VP2 and VP3 show significantly more differ-
ence between the two serotypes A12 and Cl (23 and 19%,
respectively, for VP2 and VP3). These differences are scat-
tered more broadly in VP2 and especially in VP3 than for
VP1 and might suggest a more indirect effect on antigenic
differences shown by the two serotype groups.

Surprisingly, the nonstructural polypeptide(s) P16-L (P20a-
L) shows significant differences in amino acid sequence
(Table 3), even between the two more closely related A
subtypes. It is difficult to speculate how the observed degree
of variation would effect a presumed single function of the
nonstructural leader segments. Another significant differ-
ence initially apparent in a nonstructural polypeptide is 13
consecutive amino acid changes in the viral protease (Fig. 2,
nucleotides 5,179 through 5,217) between type A10 (6) and
A12. However, this has been resolved through a correction
in the published A10 sequence (A. R. Carroll, D. J. Rowlands,
and B. E. Clarke, Nucleic Acids Res. 12:4430, 1984). In the
corrected A10 sequence, this segment is identical to the A12
amino acid sequence shown here. The amino acid sequence
is highly conserved throughout the protease, consistent with
the close similarity of cleavage patterns for the two strains.
The information presented in this communication can now

be used to elucidate common structural features between
FMDV and other picornaviruses and to characterize the
effect of structure determinants on the function of individual
proteins during FMDV replication and pathogenesis.
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